Abstract: In tissue engineering, survival of larger constructs remains challenging due to limited supply with oxygen caused by a lack of early vascularization. Controlled release of oxygen from small organic molecules represents a possible strategy to prevent cell death under anoxic conditions. A comprehensive study of methylated pyridone-derived endoperoxides has led to the development of water-soluble molecules that undergo retro Diels-Alder reactions in aqueous environment releasing oxygen in high yield and with half-lives of up to 13 hours. These molecules in combination with vitamin C as singlet oxygen quencher significantly improved survival of 3T3 fibroblasts and rat smooth muscle cells challenged with oxygendepleted conditions. ABSTRACT. In tissue engineering, survival of larger constructs remains challenging due to limited supply with oxygen caused by a lack of early vascularization. Controlled release of oxygen from small organic molecules represents a possible strategy to prevent cell death under anoxic conditions. A comprehensive study of methylated pyridone-derived endoperoxides has led to the development of water-soluble molecules that undergo retro Diels-Alder reactions in aqueous environment releasing oxygen in high yield and with half-lives of up to 13 hours. These molecules in combination with vitamin C as singlet oxygen quencher significantly improved survival of 3T3 fibroblasts and rat smooth muscle cells challenged with oxygen-depleted conditions.
INTRODUCTION. The support of anoxic tissue with oxygen to enhance cell survival holds promise in different areas of medical research and applications. In regenerative medicine, necrosis of engineered tissue as a result of oxygen depletion has remained a challenging problem, especially in larger grafts. [1] [2] [3] [4] [5] [6] [7] The efficiency of oxygen supply in engineered grafts is reduced, due to the poor vascularization [8] [9] [10] of these implants and the diffusion limit of molecular oxygen. 11 Necrosis and apoptosis of cells in engineered grafts and a shift to anaerobic metabolism controlled by hypoxia-inducible factor 1 (HIF-1) 12,13 under oxygen-deprived conditions can impair the healing process significantly. As a result of coagulative necrosis, cell debris and denatured proteins accumulate and further reduce oxygen supply causing failure in vital functions of the tissue. Thus, effort has been dedicated to the development of techniques that can supply oxygen to hypoxic/anoxic tissue (see notes at the end of the paper). 5, [14] [15] [16] An intriguing strategy is the use of (biodegradable) polymers as scaffolds that slowly release oxygen in the graft. [17] [18] [19] [20] The release must occur on a time-scale enabling the growth of a vascular network that can eventually support engineered tissue autonomously. From this perspective, the release of oxygen should occur over several days. 21 The molecules that have been studied in tissue engineering of bones and cardiosphere derived stem-cell therapy are hydrogen peroxide, sometimes combined with catalase, 18 and in the context of pancreatic islet regeneration, 20 inorganic peroxides such as calcium peroxide that eventually produce hydrogen peroxide. 22 Soaking of biocompatible polymers such as poly(lactic-co-glycolic acid) (PLGA) 23 has led to promising results, showcasing the possibility to rescue hypoxic tissue and, as a consequence, decrease necrosis of tissue over multiple days in a naked mouse skin flap model. 17 However, an issue can be the cytotoxicity of the H 2 O 2 /catalase mixture or, more general, uncontrolled release of oxygen and ions such as Ca 2+ . 24, 25 On this account, endoperoxides incorporated into small organic molecules are interesting alternatives owing to their ability to release oxygen in a retro Diels-Alder reaction following first order kinetics. 26 The reaction rate can likely be controlled by the substitution pattern on the scaffold and does not rely on the presence of enzymes or other triggers. Moreover, these scaffolds could be attached covalently to a solid support, opening up the possibility to synthesize oxygen-releasing polymers with defined rates of oxygen release and without soluble byproducts, such as calcium ions. Systems that have been shown to reversibly incorporate oxygen are derived from polyaromatic hydrocarbons like e.g. naphthalene and
anthracene or different 2-pyridones. [27] [28] [29] [30] [31] The latter provide a scaffold that allows straightforward generation of interesting substitution patterns, whilst their polar nature should enhance solubility in water as compared to e.g. anthracene-derived endoperoxides. Thus, the controlled release of oxygen from substituted 2-pyridone-derived endoperoxides in aqueous environment followed by subsequent quenching 32 of initially formed 1 O 2 to 3 O 2 e.g. by solvent deactivation 33 potentially provides a new strategy to rescue anoxic tissue from necrosis.
CHEMISTRY. To study the rate and efficiency of oxygen release from pyridone-derived endoperoxides, a series of substituted 2-pyridones had to be obtained and then subjected to type two photooxygenations. 34 It has been shown in naphthalene-derived endoperoxides, that substituting the bridgehead position significantly decreases the rate of the retro Diels-Alder reaction. 30, 35 As one goal was the attenuated release of oxygen to prolong tissue supply and reduce oxygen-related toxicity, a series of methylated 2-pyridones was targeted to study the effect of simple substituents and combinations thereof in the system. In this context, the yield of oxygen release in water is clearly another important parameter. To increase the overall stability of the pyridone endoperoxides 34 and their solubility in water, a short triethylene glycol ether moiety was attached to the pyridone via N-alkylation that strongly reduced lipophilicity (see 3,5-Lutidine 7 was converted with meta-chloroperbenzoic acid into its corresponding N-oxide, which was first treated with acetic acid anhydride and then with water at elevated temperature giving 3,5-dimethyl-2-pyridone 8.
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The series of 2-pyridones was N-alkylated with 2-[2-(2-methoxyethoxy)ethoxy]ethyl 2-bromoacetate. 41 Careful adjustment of the reaction conditions for each 2-pyridone was necessary to control N-versus O-alkylation. 42 The ester moiety was important, as otherwise the endoperoxide could not be stably incorporated into the scaffold. R = H; 68% 5 R = CH 3 ; 63% 6 7 23% 8 R = H; 9 R = CH 3 ; 10 R 1 = R 2 = R 3 = H; 76% 11 R 1 = CH 3 ; R 2 = R 3 = H; 35% 12 R 1 = R 2 = H; R 3 = CH 3 ; 28% 13 R 1 = R 2 = CH 3 ; R 3 = H; 50% 14 R 1 = R 3 = CH 3 ; R 2 = H; 41% 15 R 1 = R 2 = R 3 = CH 3 All tests were performed in normoxic (aerobic, 37°C, 5% CO 2 ) and anoxic environment (N 2 ). For the anoxic condition, CM was degassed prior to use with N 2 for 2-3 hours (continuous bubbling of N 2 through a sterile tube into the medium). The experiments were conducted in an O 2 -free environment by adding nitrogen gas to an airtight bag system (Sekuroka®-Glove-Bags, Carl
Roth GmbH, Switzerland). Additionally, the 24-well plates were individually packed in airtight minigrip bags and kept in the incubator (37°C, 5% CO 2 ) without following medium change for up to 4 days. For the aerobic condition, cells were processed in a laminar flow hood and kept in the same incubator without airtight sealing.
Cell viability was measured on days 1-4 using a colorimetric assay with 2-(4-iodophenyl)-3-(4- with DMSO. Additionally, the NMR studies were used for an evaluation of the selectivity of the process, as the chemical shifts of the starting 2-pyridone were known. Thus, peaks arising from the retro Diels-Alder process were readily assigned. The 2-pyridone and the endoperoxide that had the most favorable properties, i.e. a long half-life combined with a good yield of oxygen and little byproduct formation, were then examined in cell assays (vide supra). Non-methylated endoperoxide 17 was the least stable in water and decomposed quickly and unspecifically within 30 minutes at 37 °C. This behavior is in contrast to an earlier publication, where oxygen release from a related non-methylated pyridone was measured in chloroform and found to occur slowly and selectively. 29 Endoperoxide 18 with a methyl group in the 3-position slowly released oxygen in water with a half-life of 8 hours with only little byproduct formation (ca. 20%, see Figure 1 ).
Due to its favorable properties, this compound was eventually chosen for the cell-based assays. Cell Viability and Cytotoxicity. The properties of endoperoxide 18 were studied in combination with rat smooth muscle cells (SMCs) and 3T3 Fibroblasts (FBs). These cell lines play important roles in tissue regeneration, as they are constituents of blood vessels and connective tissue, respectively. [48] [49] [50] It is important to notice that their natural environments generally feature hypoxic conditions (sometimes referred to as in situ normoxia), 51 which might explain the slow growth under normoxic, ambient conditions (actually hyperoxia) that was generally observed in the assays. 52 Interestingly, fibroblasts contain significantly increased VEGF mRNA if grown under hypoxic conditions, 53 initiating angiogenesis in hypoxic tissue along with other factors. 54, 55 Initially, growth of FB and SMC under normoxic and anoxic conditions was followed and quantified over four days. The untreated control was normalized to 100% growth rate and Based on the above considerations, the cytotoxicity of the compounds had to be determined first.
The growth rate was quantified after the indicated periods with a colorimetric assay (WST-1, Roche). As expected, the growth rate of both SMCs and FBs was inhibited upon addition of endoperoxide 18 in a concentration-dependent manner. Concentrations of 29 µM (10 µg/mL) up to 580 µM (200 µg/mL) were analyzed and already at the lowest concentration an effect on cell growth was observed under normoxic conditions in both FBs and SMCs (see Graph 2). However, this effect was significantly reduced under anoxic conditions in fibroblasts (10 µg/mL 18).
Intriguingly, addition of vitamin C as singlet oxygen quencher (100 µg / mL) led to significant reduction of the cytotoxic effect of endoperoxide 18 under normoxic conditions and completely abolished the negative effect of 18 on cell viability under anoxic conditions (see Graph 3). High amounts of vitamin C (500 µg / mL) were usually found to be detrimental in the assays (see graph 2, grey bars), at least after 2 days of incubation, whereas on the first day this concentration pronouncedly increased the rate of cell growth under anoxic conditions (see graph 3, red, green and grey bars) and for very high concentrations of 18 and vitamin C also under normoxic conditions (see graph 2, blue and yellow bars). From these data it becomes obvious, that the cells react very differently to the application of endoperoxide 18 under normoxic and anoxic conditions. Given the fact that 100 µg / mL of vitamin C did not significantly alter the growth rate of cells alone under anoxic conditions (graph 3, light grey bars), this amount was used in the following experiments to distinguish the effect exerted by oxygen release from the endoperoxide.
Graph 2. Normalized growth rate of Fibroblasts under normoxic conditions
Fibroblasts grown under normoxic conditions over 4 days. The growth rate without additives (black bars) was normalized to 100%. Addition of different concentrations of endoperoxide 18 (EP18) without or with vitamin C (C). The colors indicate one set of experiments at one fixed concentration of 18 (EP18). Vitamin C alone (grey bars) served as control. In general, all additives were detrimental for cell growth except high concentrations on vitamin C and 18 (blue bars, only on the first day). Read legend as follows: EP18 10 C500, endoperoxide 18 at 10 µg/mL + 500 µg/mL vitamin C.
Graph 3. Normalized growth rate of Fibroblasts under anoxic conditions
Fibroblasts grown under anoxic conditions over 4 days. The growth rate without additives was normalized to 100%. Addition of different concentrations of endoperoxide 18 (EP18) without or with vitamin C (C). The colors indicate one set of experiments at one fixed concentration of 18 (EP18). Vitamin C alone (grey bars) served as control. Addition of vitamin C (100 µg / mL) reduced cytotoxicity of 18 and a significant effect on cell growth was observed on day 1 (red bars). For the following days 2-4 cell growth was reduced to normal levels again. Read legend as follows: EP18 10 C500, endoperoxide 18 at 10 µg/mL + 500 µg/mL vitamin C.
Next, it was important to find out the optimal concentration range of the endoperoxide 18 in the presence of vitamin C. 100 µg / mL 18 were still found to reduce cell viability by a factor of ca.
10 in FBs in the presence of vitamin C under normoxic conditions (Graph 2, blue bars, day 4), whereas under anoxic conditions the viability was only impaired by a factor of 2 (Graph 3, blue bars, day 4). If 200 µg / mL 18 were used, no beneficial effect of vitamin C could be observed anymore (Graph 2 and 3, yellow bars). The cytotoxicity of 18 at 50 µg / mL was still considerable even in the presence of vitamin C (Graph 2 and 3, green bars). The best results were obtained with 10 µg / mL of endoperoxide 18 in the presence of 100 µg / mL vitamin C (Graph 2 and 3, red bars).
Under anoxic conditions the combination of endoperoxide 18 (10 µg / mL) with vitamin C (100 µg / mL) displayed no cytotoxicity in FBs but a significant beneficial effect on day 1 (graph 3, red bars).
For SMCs, a similar picture was obtained. Under normoxic conditions SMC growth rate was impaired starting from a concentration of 50 µg / mL endoperoxide 18. This cytotoxicity of 18 was much less pronounced in SMCs as compared to FBs. Vitamin C alone (100 and 200 µg / mL) had neither a beneficial nor detrimental effect on cell growth (graph 4, grey bars) but enhanced cell survival in the presence of endoperoxide 18 at 50 µg / mL (graph 4, green bars).
As a control, the parent pyridone 12 that is also released in the retro Diels-Alder reaction did not show a beneficial effect on cell growth (graph 4, orange bars).
Strikingly, SMCs showed increased cell growth under anoxic conditions even over 4 days in the presence of endoperoxide 18 (10 µg / mL) and vitamin C (100 µg / mL) as compared to the control experiment and normoxic conditions (graph 5, red bars, shown in more detail in graph 6).
Endoperoxide 18 alone did not have this significant effect, likely counterbalancing the cytotoxicity of singlet oxygen. Also at 50 µg / mL 18 the beneficial effect of O 2 release was counterbalanced by the cytotoxicity at this concentration, which is also valid for high amounts of vitamin C (200 µg / mL). Pyridone 12 (50 µg / mL) in the presence of vitamin C did not increase cell survival over four days significantly (graph 5, orange bars) and was nontoxic up to concentrations of 100 µg / mL if tested alone (data not shown). . Vitamin C (C) alone (grey bars) served as control. Pyridone 12 at 10 µg / mL (Pyr12) served as a negative control (orange bars) and had no beneficial effect on cell growth in the presence or absence of vitamin C (C). Read legend as follows: EP18 10 C100, endoperoxide 18 at 10 µg/mL + 100 µg/mL vitamin C.
Smooth muscle cells grown under anoxic conditions over 4 days. The growth rate without additives was normalized to 100%. Addition of different concentrations of endoperoxide 18 (EP18) without or with vitamin C (C). The colors indicate one set of experiments at one fixed concentration of 18 (EP18). Vitamin C alone (grey bars) served as control. Addition of vitamin C (100 µg / mL) and 18 resulted in a significant effect on cell growth over 4 days (dark red bars). Pyridone 12 (Pyr12) served as a negative control. Read legend as follows: EP18 10 C100, endoperoxide 18 at 10 µg/mL + 100 µg/mL vitamin C.
Graph 6. Normalized growth rate of smooth muscle cells under anoxic conditions
Smooth muscle cells grown under anoxic conditions over 4 days. A clear beneficial effect of endoperoxide 18 (EP18) on growth rate in the presence of vitamin C (100 µg / mL) was observed over 4 days. Read legend as follows: EP18 10 C100, endoperoxide 18 at 10 µg/mL + 100 µg/mL vitamin C. The endoperoxides, either in free form or attached to bandages could in principle be used to support necrotic wounds with oxygen. The efficiency in the latter process will be studied in a mouse skin flap model in due course.
EXPERIMENTAL SECTION.
Synthesis. Chemicals were purchased from commercial suppliers (Acros, Aldrich, TCI) and used without further purification, unless noted otherwise. 
